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Introduction
============

Global population ageing has modified the landscape of chronic diseases with an increased prevalence of older patients with end stage renal failure.[@ref1] For such patients, kidney transplantation is the best approach, surpassing dialysis in terms of health related quality and quantity of life as well as cost effectiveness.[@ref2] [@ref3] [@ref4] Ageing of the general population reflects a constant and dramatic increase of the deceased donor age with accompanying burden of cardiovascular comorbidities, leading to the definition of an expanded criteria donor (ECD; that is, those aged ≥60 years, or aged 50-59 years with vascular comorbidities).[@ref5] About 30% and 47% of deceased kidney donors are ECDs in Europe and France, respectively.[@ref6] [@ref7] In the coming years, this dynamic will render ECD transplantation the main source for kidney transplants as well as other solid organ (heart, lung, and liver) transplants.[@ref6] [@ref7]

But despite its potential, the use of ECD kidneys has evolved unevenly; only 16.6% of deceased donor transplants come from an ECD in the United States, and many harvested ECD organs are ultimately refused by transplant teams and discarded.[@ref8] These discrepancies reflect uncertainties regarding the prognosis and determinants associated with ECD transplants. The discrepancies also contribute to a major public health issue (with a high proportion (10-20%) of viable organs being discarded worldwide) and to the deaths of patients with end stage renal disease waiting for a kidney transplant.[@ref9] [@ref10] [@ref11]

Although ECD transplantation produces a benefit in recipient survival compared with dialysis, it is associated with an increased risk of graft loss compared with that associated with transplants from standard criteria donors (SCDs).[@ref5] [@ref12] [@ref13] Currently, no comprehensive studies has addressed the primary independent determinants of ECD transplant outcomes by integrating deep donor and recipient phenotyping and large scale circulating anti-HLA (human leucocyte antigen) antibody characterisation. The need for such studies was identified by the International Banff Allograft Committee in 2013[@ref14] and public healthcare agencies[@ref15] to improve the use and allocation of ECD kidneys through a better understanding of long term outcomes. Thus, we conducted a large, prospective, population based study of extensively phenotyped kidney recipients to assess the distinct prognosis of ECD transplants and the factors that affect long term allograft survival.

Methods
=======

Study population
----------------

We enrolled all 2763 consecutive patients who underwent kidney transplantation at four referral centres in France, including Necker Hospital in Paris (n=920), Saint-Louis Hospital in Paris (n=391), Foch Hospital in Suresnes (n=597), and Toulouse University Hospital (n=855), between 1 January 2004 and 1 January 2011. Patients were followed up to 1 May 2014. We also included an additional external validation cohort comprising 4128 patients who underwent kidney transplantation at centres in Lyon, Montpellier, Nancy, and Nantes (France) between 1 January 2002 and 31 December 2011 (web appendix, supplementary methods).

The transplantation allocation system was identical for all centres, and it followed the rules of the French national agency for organ procurement (Agence de la Biomédecine). All transplants were compatible based on ABO blood group. Cytotoxicity cross matching of negative immunoglobulin G T cell and B cell complements was required for all the recipients. Post-transplant immunosuppression therapy and treatment of allograft rejection episodes were standardised between centres (web appendix, supplementary methods).

The institutional review boards of Necker, Saint-Louis, Foch, and Toulouse Hospitals approved the study. The use of data from the external validation cohort was based on agreements between the centres that participate in the national database system (web appendix). All the recipients provided written informed consent.

Patient involvement
-------------------

There was no patient involvement in this study. The selection of outcome measures was not informed by patients' priorities and experiences. No patients, service users, or lay people were involved in developing plans for participant recruitment and study conduct. The results of the study will be disseminated to participants through the physicians of each department. The participants are thanked in the acknowledgments.

Clinical data
-------------

We obtained clinical data on the donors and recipients in the development cohort (Necker, Saint-Louis, Foch, and Toulouse Hospitals) and the validation cohort (Lyon, Montpellier, Nancy, and Nantes) from two national registries: Données Informatiques Validées en Transplantation[@ref16] and Agence de la Biomédecine.[@ref17] Anonymised data from these registries were prospectively entered at a specific time point for each patient (on day 0, and six months and one year after transplantation), and were updated annually thereafter (supplementary methods in the web appendix shows the clinical and biological parameters assessed). Data from Necker, Saint-Louis, Foch, and Toulouse Hospitals were retrieved from the database on 1 May 2014. Data from the validation cohort were retrieved on 20 June 2014.

Definition of expanded criteria donor (ECD)
-------------------------------------------

Expanded criteria donors included all deceased donors aged 60 years and older, and those aged over 50-59 years with at least two of the following three conditions: cerebrovascular cause of death, serum creatinine greater than 1.5 mg/dL (132.6 µmol/L), or a history of hypertension.

Detection and characterisation of donor specific anti-HLA antibodies
--------------------------------------------------------------------

All the patients were tested for the presence of circulating donor specific anti-HLA antibodies (DSA) in banked serum samples (at the Jean Dausset Histocompatibility Laboratory) from Necker, Saint Louis, and Foch Hospitals and Toulouse Histocompatibility Laboratory at the time of transplantation (day 0 DSA). The presence of circulating DSA against HLA-A, HLA-B, HLA-Cw, HLA-DR, HLA-DQ, and HLA-DP was retrospectively determined using single antigen flow bead assays (One Lambda) on a Luminex platform. Beads with a normalised mean fluorescence intensity higher than 500 arbitrary units were judged positive, as previously described.[@ref18]

HLA typing of the transplant recipients was performed using the Innolipa HLA typing kit (Innogenetics). Donor HLA typing for HLA-Cw and HLA-DP was only performed if recipients had circulating anti-HLA-Cw or anti-HLA-DP (or both). Tissue typing was done using the microlymphocytotoxicity technique with One Lambda and tissue typing trays; traditional controls in molecular biology were included.

Kidney allograft phenotypes
---------------------------

In the principal cohort, kidney allograft biopsies were performed on the day of transplantation (preimplantation biopsies, n=1011) and at one year after transplantation (n=1743); biopsies were also taken from patients with acute allograft rejection during the first year after transplantation (n=438). Renal biopsies were fixed in a solution of alcohol, formalin, and acetic acid, and subsequently embedded in paraffin. The biopsy sections (4 μm thick) were stained with periodic acid-Schiff, Masson's trichrome, and haematoxylin and eosin. The graft biopsies were scored and graded by trained pathologists (JPD-V-H, MR, JV, and CG-F) according to the international Banff criteria for kidney allograft transplantation (web appendix).[@ref14]

Statistical analysis
--------------------

Continuous variables are described using means and standard deviations or medians and the interquartile range. We compared means and proportions between groups using Student's t test, analysis of variance (ANOVA; Mann-Whitney test for mean fluorescence intensity) or the χ^2^ test (or Fisher's exact test if appropriate). The kidney survival analysis was performed from the time of transplantation to a maximum follow-up of seven years with kidney graft loss as the event of interest, defined as the patient's return to dialysis. For the 204 (7.4%) patients who died with a functioning graft, graft survival was censored at the time of death.[@ref19] Kidney allograft survival according to ECD and DSA status was plotted using Kaplan-Meier curves and compared using the log rank test.

Cox proportional hazards models were applied to quantify the hazard ratios and the 95% confidence intervals for kidney graft loss. We compared the graft life years between recipients of ECD allografts with and without baseline levels of DSA, and estimated the graft life years saved. To this end, we compared the area under the Kaplan-Meier curves between the two groups starting from a common time point, namely, the time of transplantation.[@ref20]

The associations of donor, recipient, and transplant parameters as well as immunological factors with graft loss were first assessed in univariate regression analyses. The factors identified in these analyses were then included in a final multivariate model using stepwise backward selection. In the sensitivity analysis, a competing risks approach was applied to consider the potential competition of patient death with kidney allograft failure. We estimated cumulative incidence functions from competing risks data and compared the subdistribution for each cause across groups. We then assessed the effect of predictive factors (that is, ECD and DSA status) on the subdistribution of graft loss in a competing risks setting with death, by fitting the proportional subdistribution hazards regression model described in the Fine and Gray method.[@ref21] Propensity scores were used to test whether older recipient age affected allograft outcome and the associations identified in the primary analyses (web appendix).[@ref22]

We confirmed the internal validity of the final model using a bootstrap procedure. A thousand datasets were generated from the resampling of the original dataset to estimate the biased corrected 95% confidence intervals and the accelerated bootstrap hazard ratios.[@ref23]

We used an additional external validation cohort comprising 4128 kidney transplant recipients. We first determined kidney allograft survival according to ECD and DSA status. We then tested in the validation cohort, the set of risk factors identified in the final multivariate Cox model of the development cohort. We used SAS 9.2 (SAS) and R (version 2.10.1, R Foundation for Statistical Computing) for the descriptive and survival analyses. All statistical tests were two sided, and P\<0.05 was considered significant.

Results
=======

Baseline characteristics of recipients and donors
-------------------------------------------------

The main analysis included 2763 recipient patients. Median donor age was 52 years (interquartile range 40-61). A total of 1509 (54.6%) donors were male, and 2370 (85.8%) kidneys were from deceased donors, of whom 1323 (55.8%) had died of cerebrovascular causes. All the deceased donors were brain dead. A total of 661 (24.4%) donors had hypertension, and 142 (5.5%) donors presented with diabetes mellitus. A total of 916 (33.2%) kidneys fulfilled the criteria for ECD, whereas 1847 (66.8%) were classified as SCD. Web figure 1 details the donor age distribution for the entire cohort. Cold ischaemia time is the period starting from retrieval and cold perfusion of an organ until reperfusion with warm blood in the recipient. The median cold ischaemia time was 16.5 hours (interquartile range 12-21). Of the 2763 recipients, 335 (12.1%) had circulating DSA at the time of transplantation. The highest ranked DSA was HLA class II in 189 (56.4%) patients and HLA class I in 146 patients (43.6%). Mean fluorescence intensity of the immunodominant DSA had a median value of 2928 (interquartile range 1390-6835). Table 1[](#tbl1){ref-type="table"} presents the baseline and immunological characteristics of the overall cohort according to ECD status.

###### 

 Baseline characteristics according to donor status

                                                                                   All patients (n=2763)   Standard criteria donors (n=1847)   Expanded criteria donors (n=916)   P\*
  -------------------------------------------------------------------------------- ----------------------- ----------------------------------- ---------------------------------- ---------
  **Recipient characteristics**                                                                                                                                                   
  Age (years, mean (SD))                                                           49.23 (13.51)           44.26 (12.31)                       59.23 (10.21)                      \<0.001
  Male sex (no (%))                                                                1643 (59.5)             1105 (59.8)                         538 (58.7)                         0.582
  Causes of end stage renal disease (no (%))                                                                                                                                      
   Glomerulonephritis                                                              767 (27.8)              561 (30.4)                          206 (22.5)                         \<0.001
   Diabetes                                                                        264 (9.5)               171 (9.2)                           93 (10.1)                          
   Hypertension                                                                    212 (7.7)               129 (7.0)                           83 (9.1)                           
   Other                                                                           1520 (55.0)             986 (53.4)                          534 (58.3)                         
  Time since onset of dialysis (years, mean (SD))                                  3.90 (4.41)             3.85 (4.67)                         4.02 (3.84)                        0.3451
  **Donor characteristics**                                                                                                                                                       
  Age (years, mean (SD))                                                           50.31 (15.98)           42.34 (12.51)                       66.37 (8.29)                       \<0.001
  Donor age (years, no (%))                                                                                                                                                       
   0-50                                                                            1222 (44.2)             1222 (66.2)                         0                                  \<0.001
   50-60                                                                           733 (26.6)              565 (30.6)                          168 (18.3)                         
   ≥60                                                                             808 (29.2)              60 (3.2)                            748 (81.7)                         
  Male sex (no (%))                                                                1509 (54.6)             1056 (57.2)                         453 (49.5)                         \<0.001
  Hypertension (no (%))†                                                           661 (24.4)              167 (9.2)                           494 (55.0)                         \<0.001
  Diabetes mellitus (no (%))‡                                                      142 (5.5)               40 (2.3)                            102 (11.8)                         \<0.001
  Creatinine \>1.5 mg/dL (no (%))§                                                 270 (9.9)               169 (9.3)                           101 (11.0)                         0.150
  Donor type (no (%))                                                                                                                                                             
   Deceased donor                                                                  2370 (85.8)             1454 (78.7)                         916 (100.0)                        \<0.001
   Death from cerebrovascular disease¶                                             1323 (55.8)             627 (43.1)                          696 (76.0)                         \<0.001
  **Transplant baseline characteristics**                                                                                                                                         
  Graft rank \>1 (no (%))                                                          413 (15.0)              288 (15.6)                          125 (13.7)                         0.177
  Cold ischaemia time (no (%))\*\*                                                                                                                                                
   \<12 h                                                                          674 (24.5)              594 (32.3)                          80 (8.8)                           \<0.001
   12-24 h                                                                         1560 (56.7)             910 (49.5)                          650 (71.0)                         
   ≥24 h                                                                           519 (18.8)              334 (18.2)                          185 (20.2)                         
  Delayed graft function (no (%))††, ‡‡                                            707 (27.2)              410 (23.5)                          297 (34.7)                         \<0.001
  HLA A/B/DR mismatch (no, mean (SD))§§                                            3.12 (1.43)             3.07 (1.47)                         3.24 (1.33)                        0.005
  Donor specific anti-HLA antibodies on day 0 (no (%))                             335 (12.1)              225 (12.2)                          110 (12.0)                         0.896
  HLA class of donor specific anti-HLA antibodies (no)                                                                                                                            
   HLA class I                                                                     191                     123                                 68                                 0.214
   HLA class II                                                                    245                     166                                 79                                 0.704
   HLA class I and II                                                              114                     76                                  38                                 0.889
  Donor specific anti-HLA antibodies (mean fluorescence intensity (median (IQR))   2928 (1390-6835)        2755 (1360-6480)                    3005 (1450-8369)                   0.099
  Follow-up (years, median (95% CI))                                               5.54 (5.42 to 5.68)     5.72 (5.54 to 5.86)                 5.24 (5.02 to 5.46)                \<0.001
  **Acute rejection in first year**                                                                                                                                               
  Antibody mediated rejection (no (%))                                             205 (7.4)               140 (7.6)                           65 (7.1)                           0.648
  T cell mediated rejection (no (%))                                               233 (8.4)               156 (8.5)                           77 (8.4)                           0.972
  Death events (no (%))                                                            263 (9.5)               128 (6.9)                           135 (14.7)                         \<0.001
  Graft loss (no (%))                                                              333 (12.1)              187 (10.1)                          146 (15.4)                         \<0.001

Data are no (%) of patients or events, mean (standard deviation), or median (interquartile range). SD=standard deviation; IQR=interquartile range; HLA=human leucocyte antigen.

\*χ^2^ tests used to compare proportions, and unpaired tests used to compare continuous variables.

†Total group numbers were: all patients (n=2709), standard criteria donors (n=1811), and expanded criteria donors (n=898).

‡Total group numbers were: all patients (n=2604), standard criteria donors (n=1741), and expanded criteria donors (n=863).

§Total group numbers were: all patients (n=2736), standard criteria donors (n=1820), and expanded criteria donors (n=916).

¶Total group numbers were: all patients (n=2370), standard criteria donors (n=1454), and expanded criteria donors (n=916).

\*\*Total group numbers were: all patients (n=2753), standard criteria donors (n=1838), and expanded criteria donors (n=915).

††Delayed graft function defined as use of dialysis in the first postoperative week.

‡‡Total group numbers were: all patients (n=2603), standard criteria donors (n=1746), and expanded criteria donors (n=857).

§§Total group numbers were: all patients (n=2700), standard criteria donors (n=1844), and expanded criteria donors (n=856).

Four distinct populations were identified on the basis of donor characteristics (SCD or ECD) and the presence or absence of circulating anti-HLA antibodies at the time of transplantation. These groups included: patients receiving SCD transplants without DSA (SCD/DSA−, n=1622); patients receiving SCD transplants with DSA (SCD/DSA+, n=225); patients receiving ECD transplants without DSA (ECD/DSA−, n=806); patients receiving ECD transplants with DSA (ECD/DSA+, n=110, 12% of patients receiving ECD transplants). Table 2[](#tbl2){ref-type="table"} details the baseline clinical and immunological characteristics of these four patient groups. Web figure 2 shows the histological characteristics of donor biopsies before implantation in the four patient groups.

###### 

 Baseline characteristics according to donor status and presence of DSA on the day of transplantation

                                                                                   SCD/DSA− (n=1622)     SCD/DSA+ (n=225)      ECD/DSA− (n=806)      ECD/DSA+ (n=110)      P\*
  -------------------------------------------------------------------------------- --------------------- --------------------- --------------------- --------------------- ---------
  **Recipient characteristics**                                                                                                                                            
  Age (years, mean (SD))                                                           44.20 (12.20)         44.76 (11.65)         59.60 (9.98)          56.53 (11.41)         \<0.001
  Male sex (no (%))                                                                1001 (61.7)           104 (46.2)            489 (60.7)            49 (44.6)             \<0.001
  Time since onset of dialysis (years, mean (SD))                                  3.56 (4.28)           5.93 (6.45)           3.74 (3.58)           6.01 (4.91)           \<0.001
  **Donor characteristics**                                                                                                                                                
  Age (years, mean (SD))                                                           42.25 (12.50)         43.01 (12.61)         66.43 (8.24)          65.95 (8.67)          \<0.001
  Donor age (years, no (%))                                                                                                                                                
   0-50                                                                            1073 (66.1)           149 (66.2)            0                     0                     \<0.001
   50-60                                                                           496 (30.6)            69 (30.7)             147 (18.2)            21 (19.1)             
   ≥60                                                                             53 (3.3)              7 (3.1)               659 (81.8)            89 (80.9)             
  Male sex (no (%))                                                                934 (57.6)            122 (54.2)            393 (48.8)            60 (54.6)             0.001
  Hypertension (no (%))†                                                           142 (8.9)             25 (11.3)             427 (54.0)            67 (62.6)             \<0.001
  Diabetes mellitus (no (%))‡                                                      34 (2.2)              6 (2.9)               94 (12.3)             8 (8.1)               \<0.001
  Creatinine \>1.5 mg/dL (no (%))§                                                 155 (9.7)             14 (6.3)              94 (11.7)             7 (6.4)               0.054
  Donor type (no (%))                                                                                                                                                      
   Deceased donor                                                                  1273 (78.5)           181 (80.4)            806 (100)             110 (100)             \<0.001
   Death from cerebrovascular disease¶                                             552 (43.4)            75 (41.4)             612 (75.9)            84 (76.4)             \<0.001
  **Transplant baseline characteristics**                                                                                                                                  
  Graft rank \>1 (no (%))                                                          193 (11.9)            95 (42.2)             85 (10.6)             40 (36.4)             \<0.001
  Cold ischaemia time (no (%))\*\*                                                                                                                                         
   \<12 h                                                                          544 (33.7)            50 (22.5)             70 (8.7)              10 (9.1)              \<0.001
   12-24 h                                                                         803 (49.7)            107 (48.2)            575 (71.4)            75 (68.2)             
   ≥24 h                                                                           269 (16.6)            65 (29.3)             160 (19.9)            25 (22.7)             
  Delayed graft function (no (%))††                                                343 (22.4)            67 (30.9)             256 (33.9)            41 (40.2)             \<0.001
  HLA A/B/DR mismatch (no, mean (SD))‡‡                                            3.07 (1.47)           3.09 (1.48)           3.21 (1.32)           3.44 (1.35)           0.015
  HLA class of donor specific anti-HLA antibodies (no) on day 0                                                                                                            
   HLA class I                                                                     ---                   123                   ---                   68                    0.214§§
   HLA class II                                                                    ---                   166                   ---                   79                    0.704§§
   HLA class I and II                                                              ---                   76                    ---                   38                    0.889§§
  Donor specific anti-HLA antibodies (mean fluorescence intensity (median (IQR))   ---                   2755 (1360-6480)      ---                   3005 (1450-8369)      \<0.001
  Follow-up (years, median (95% CI))                                               5.86 (5.70 to 6.12)   4.66 (4.34 to 4.92)   5.31 (5.08 to 5.54)   4.73 (4.24 to 5.19)   \<0.001
  **Acute rejection in the first year**                                                                                                                                    
  Antibody mediated rejection (no (%))                                             78 (4.8)              62 (27.6)             31 (3.9)              34 (30.9)             \<0.001
  T cell mediated rejection (no (%))                                               142 (8.8)             14 (6.2)              66 (8.2)              11 (10.0)             0.561
  Death events (no (%))                                                            108 (6.7)             20 (8.9)              118 (14.6)            17 (15.5)             \<0.001
  Graft loss (no (%))                                                              146 (9.0)             41 (18.2)             103 (12.8)            43 (39.1)             \<0.001

Data are no (%) of patients or events, mean (standard deviation), or median (interquartile range). SD=standard deviation; IQR=interquartile range; HLA=human leucocyte antigen; SCD=standard criteria donors; ECD=expanded criteria donors; DSA=donor specific anti-HLA antigen.

\*χ^2^tests or Fisher's exact tests used to compare proportions, and ANOVA or Kruskal-Wallis test used to compare continuous variables between the four groups.

†Total group numbers were: SCD/DSA− (n=1589), SCD/DSA+ (n=222), ECD/DSA− (n=791), and ECD/DSA+ (n=107).

‡Total group numbers were: SCD/DSA− (n=1533), SCD/DSA+ (n=208), ECD/DSA− (n=764), and ECD/DSA+ (n=99).

§Total group numbers were: SCD/DSA− (n=1598), SCD/DSA+ (n=222), ECD/DSA− (n=806), and ECD/DSA+ (n=110).

¶Total group numbers were: SCD/DSA− (n=1273), SCD/DSA+ (n=181), ECD/DSA− (n=806), and ECD/DSA+ (n=110).

\*\*Total group numbers were: SCD/DSA− (n=1616), SCD/DSA+ (n=222), ECD/DSA− (n=805), and ECD/DSA+ (n=110).

†† Delayed graft function defined as use of dialysis in the first postoperative week. Total group numbers were: SCD/DSA− (n=1529), SCD/DSA+ (n=217), ECD/DSA− (n=755), and ECD/DSA+ (n=102).

‡‡Total group numbers were: SCD/DSA− (n=1619), SCD/DSA+ (n=225), ECD/DSA− (n=752), and ECD/DSA+ (n=104).

§§P values represent the comparison between the SCD/DSA+ and ECD/DSA+ groups.

Long term kidney allograft survival, injury phenotypes, and function
--------------------------------------------------------------------

Median follow-up after transplantation was 5.54 years (interquartile range 4.01-7.42). Median follow-up times were 5.24 years (3.64-6.97) for ECD recipients and 5.72 years (4.16-7.82) for SCD recipients (P\<0.001).

Figure 1A[](#fig1){ref-type="fig"} depicts kidney allograft survival according to ECD or SCD status. Overall, patients receiving ECD transplants had a higher rate of graft loss than those receiving SCD transplants (hazard ratio 1.87 (95% confidence interval 1.50 to 2.32); log rank test P\<0.001). After dividing patients into groups based on donor characteristics (SCD or ECD) and the presence of circulating DSA on day 0, ECD/DSA+ recipients showed worse graft survival (44%, seven years post-transplant) than ECD/DSA− (85%), SCD/DSA+ (73%), and SCD/DSA− (90%) recipients (log rank test, P\<0.001). Antibody mediated rejection was the main cause of graft loss in the ECD/DSA+ group (58.1% *v* 14.6% in the ECD/DSA- group; P\<0.001).

![Kaplan-Meier curves of kidney allograft survival by (A) donor type and (B) presence of DSA on the day of transplantation. Panel A shows the classic approach to determine kidney allograft survival based on donor status (that is, SCD or ECD). Panel B integrates donor status with the presence or absence of DSA on the day of transplantation. SCD=standard criteria donor; ECD=expanded criteria donor; DSA=donor specific anti-HLA antibodies; SCD/DSA−=patients receiving SCD transplants without DSA; SCD/DSA+=patients receiving SCD transplants with DSA; ECD/DSA−=patients receiving ECD transplants without DSA; ECD/DSA+=patients receiving ECD transplants with DSA; HR=hazard ratio](aubo024880.f1_default){#fig1}

Patients receiving ECD transplants without circulating DSA at the time of transplantation showed a 41% improvement in graft survival at seven years compared with those with circulating DSA at the time of transplantation (P\<0.001, fig 1B).

Patients receiving ECD transplants with circulating DSA had a 4.4-fold increased risk of graft loss compared with those receiving ECD transplants without circulating DSA (P\<0.001). ECD recipients with circulating DSA also had a 5.6-fold increased risk of graft loss compared with all other transplant therapies (P\<0.001; fig 1B).

Mean allograft life years for ECD/DSA+ recipients was 4.58 (standard deviation 0.22) compared with 9.53 (0.12) for ECD/DSA− recipients (mean gain survival of 4.95 years). Overall, we calculated that exclusively allocating ECD kidneys to patients without circulating DSA would have translated to a 544.6 allograft life years saved during the nine years of study inclusion time. Competing risks regression models confirmed that the differences in graft survival between the four groups were not affected by competition with patient death (web fig 3).

An allograft evaluation at one year revealed that the patients receiving ECD transplants with circulating DSA had decreased kidney function compared with the other groups (P\<0.001, web fig 4). Allograft biopsies at one year after transplantation showed that ECD/DSA+ recipients had increased microcirculation inflammation (P\<0.001), arteriosclerosis (P=0.014), and transplant glomerulopathy lesions (P\<0.001) compared with patients receiving ECD transplants without circulating DSA. ECD/DSA+ recipients also showed increased chronic allograft injury lesions (arteriosclerosis, arterial hyalinosis, and atrophy scarring) compared with the two groups of patients receiving SCD transplants (P\<0.002 for all comparisons, web fig 5).

Determinants of kidney allograft loss
-------------------------------------

Table 3[](#tbl3){ref-type="table"} shows the associations of recipient and donor characteristics, transplant characteristics, and immunological parameters with graft loss. Table 4[](#tbl4){ref-type="table"} shows the identified baseline independent predictors of graft loss. These predictors included: ECD status (hazard ratio 1.84 (95% confidence interval 1.47 to 2.31); P\<0.001), presence of circulating DSA on day 0 (3.00 (2.27 to 3.94); P\<0.001), cold ischaemia time between 12 and 24 hours (1.46 (1.04 to 2.04); P=0.028); cold ischaemia time longer than 24 hours (1.73 (1.19 to 2.52); P=0.004); graft rank more than 1 (1.54 (1.17 to 2.04); P=0.002), and number of HLA A/B/DR mismatches (1.10 (1.01 to 1.18); P=0.022). The set of risk factors identified in the primary analysis remained unchanged when we included continuous cold ischaemia time in the final multivariate Cox model (web table 1).

###### 

Factors associated with kidney allograft loss in univariate analyses

                                               No of patients/events   Hazard ratio (95% CI)    P
  -------------------------------------------- ----------------------- ------------------------ ---------
  **Baseline recipient characteristics**                                                        
  Age (per 1 year increment)                   2763/333                1.000 (0.992 to 1.008)   0.973
  Sex                                                                                           
   Female                                      1120/131                1                        0.648
   Male                                        1643/202                1.053 (0.845 to 1.311)   
  **Baseline donor characteristics**                                                            
  Age (per 1 year increment)                   2763/333                1.014 (1.007 to 1.021)   \<0.001
  Sex                                                                                           
   Female                                      1254/163                1                        0.164
   Male                                        1509/170                0.858 (0.692 to 1.064)   
  Donor type                                                                                    
   Living related                              393/25                  1                        0.001
   Death from cardiovascular disease           1323/184                2.136 (1.406 to 3.245)   
   Other cause of death                        1047/124                1.716 (1.116 to 2.638)   
  Deceased donor                                                                                
   No                                          393/25                  1                        0.001
   Yes                                         2370/308                1.945 (1.294 to 2.925)   
  Hypertension                                                                                  
   No                                          2048/225                1                        \<0.001
   Yes                                         661/102                 1.647 (1.302 to 2.082)   
  Diabetes mellitus                                                                             
   No                                          2462/292                1                        0.050
   Yes                                         142/22                  1.543 (1.000 to 2.380)   
  Creatinine                                                                                    
   \<1.5 mg/dL                                 2466/291                1                        0.900
   ≥1.5 mg/dL                                  270/40                  0.964 (0.547 to 1.700)   
  Expanded criteria donor                                                                       
   No                                          1847/187                1                        \<0.001
   Yes                                         916/146                 1.869 (1.504 to 2.323)   
  **Baseline transplant characteristics**                                                       
  Graft rank                                                                                    \<0.001
   1                                           2350/249                1                        
   \>1                                         413/84                  2.174 (1.697 to 2.785)   
  Cold ischaemia time                                                                           
   \<12 h                                      674/44                  1                        \<0.001
   12-24 h                                     1560/203                1.877 (1.355 to 2.601)   
   ≥24 h                                       519/85                  2.392 (1.662 to 3.443)   
  **Baseline immunological characteristics**                                                    
  No of HLA A/B/DR mismatches                  2700/326                1.080 (1.001 to 1.116)   0.047
  Anti-HLA DSA on day 0                                                                         
   No                                          2428/249                1                        \<0.001
   Yes                                         335/84                  3.440 (2.676 to 4.421)   

DSA=donor specific anti-HLA antibodies; HLA=human leucocyte antigen.

###### 

 Factors associated with kidney allograft loss in the multivariate analysis\*

                                No of patient/events   Hazard ratio (95% CI)    P                  Internal validation hazard ratio 95% CI, BCA
  ----------------------------- ---------------------- ------------------------ ------------------ ----------------------------------------------
  Expanded criteria donor                                                                          
   No                           1835/187               1                        \<0.001            ---
   Yes                          855/138                1.842 (1.467 to 2.311)   (1.463 to 2.275)   
  Cold ischaemia time                                                                              
   \<12 h                       670/44                 1                        0.017              ---
   12-24 h                      1514/198               1.457 (1.042 to 2.039)   (1.042 to 2.093)   
   ≥24 h                        506/83                 1.727 (1.185 to 2.517)   (1.195 to 2.506)   
  Graft rank                                                                                       
   1                            2278/241               1                        0.002              ---
   \>1                          412/84                 1.544 (1.168 to 2.042)   (1.129 to 2.046)   
  No of HLA A/B/DR mismatches   2690/325               1.095 (1.013 to 1.184)   0.022              (1.013 to 1.182)
  Anti-HLA DSA on day 0                                                                            
   No                           2364/241               1                        \<0.001            ---
   Yes                          326/84                 2.988 (2.265 to 3.941)   (2.198 to 3.940)   

DSA=donor specific anti-HLA antibodies; BCA=bias corrected and accelerated bootstrap; HLA=human leucocyte antigen.

\*The final multivariate Cox model was obtained by entering risk factors from the univariate model that achieved P≤0.10 as the thresholds in a single multivariate proportional hazards model. The final multivariate model was adjusted for the following parameters: deceased donor, donor diabetes, expanded criteria donor, graft rank, cold ischaemia time, number of HLA A/B/DR mismatches, and circulating DSA. The test for potential interactions between graft rank, ECD status, cold ischaemia time, HLA mismatch, and circulating DSA generated P\>0.10 for all the interactions.

When we performed the Cox analysis in the ECD group, the major determinants independently associated with graft failure were cold ischaemia between 12 and 24 hours (hazard ratio 2.49 (1.02 to 6.13); P=0.046) and longer than 24 hours (3.77 (1.49 to 9.55); P=0.005) and the presence of circulating DSA at day 0 (4.59 (3.18 to 6.61); P\<0.001). Among patients receiving ECD transplants, those with a high level of DSA mean fluorescence intensity (≥3000) were at a higher risk of graft failure than those with a low level of DSA mean fluorescence intensity (\<3000) and those without circulating DSA (P\<0.001, web fig 6). We saw no difference between HLA class I and HLA class II groups regarding allograft survival (web fig 7). For the 1011 patients with an available biopsy from the day of transplantation, baseline histology parameters were not independently associated with the risk of long term kidney allograft loss (web table 2).

Sensitivity analysis
--------------------

The robustness of our study was assessed using sensitivity analyses. The independent associations of DSA and cold ischaemia time with graft outcome were consistent after excluding living donors (n=393, 14.2%) from the final multivariate model (web table 3). DSA and cold ischaemia time remained independently associated with graft loss when allograft quality for age and cardiovascular comorbidities was assessed using the kidney donor risk index (KDRI) score[@ref24] instead of ECD status (web fig 8; KDRI adjusted DSA (hazard ratio 3.44 (95% confidence interval 2.60 to 4.55), P\<0.001); KDRI adjusted cold ischaemia time (1.81 (1.12 to 2.92), P=0.015).

The use of non-a priori donor parameters (age, deceased donor, sex, comorbidities, and baseline renal function) instead of ECD criteria did not change the significant independent predictors of graft loss identified in the principal analyses (web table 4). When the final model was stratified by transplant centre, the set of risk factors identified in the principal analyses did not change (web table 5). Finally, in a matched sample with similar SCD and ECD recipient ages using the propensity score (web appendix, supplementary methods), the survival analysis produced similar results to those obtained in the primary analyses (web fig 9).

Internal and external validation
--------------------------------

A bootstrapping procedure with 1000 samples from the original dataset confirmed the internal validity and robustness of the final model (biased corrected 95% confidence intervals and accelerated bootstrap hazard ratios, table 4). Baseline characteristics of the external validation cohort (4128 patients) were compared with those of the principal cohort in web table 6. In this cohort, the HLA sensitisation level at the time of transplantation was estimated using cytotoxic panel reactive antibodies (PRAs) or calculated PRAs without identifying specific anti-HLA antibodies. The Kaplan-Meier estimate of graft survival confirmed that patients receiving ECD transplants with circulating DSA on the day of transplantation had a higher risk of graft loss at seven years than those without circulating DSA and the two groups of patients receiving SCD transplants (web fig 10). The multivariate Cox model of the external cohort confirmed the independent predictors of allograft failure identified in the principal analyses (web table 7).

Discussion
==========

Principal findings
------------------

In a large, prospective, population based study of extensively phenotyped recipients of kidney transplants, we assessed the long term allograft survival and determinants of ECD prognosis using an integrative epidemiological approach that combined clinical donor and recipient data, histopathology, and immunological characteristics. We identified a group of people with poor prognosis---that is, patients receiving ECD transplants with circulating DSA. This group had a 4.4-fold increased risk of graft loss compared with patients receiving ECD transplants without circulating DSA, and had a 5.6-fold increased risk of graft loss compared with all other transplant therapies. When patients receiving ECD transplants were extensively screened and transplanted without DSA, graft survival increased by 41%, reaching a seven year rate of allograft survival of 85% (versus 90% in patients receiving SCD transplants without circulating DSA).

Implication of results
----------------------

In the past decade, the constant rise in donor age in the organ pool has generated new challenges for optimising organ use, especially when considering the characteristics of an older organ in terms of response to injury after transplantation. This problem has raised concerns beyond kidney transplantation---extending to lung, liver, and heart transplants---and has become a top priority for allocation agencies.

ECD kidney transplantation has evolved unequally between countries. ECD programmes have been largely promoted and implemented in Europe and France and represent about half of deceased donor kidney transplantations.[@ref6] However, in the USA, a high proportion of ECD organs are discarded, and ECD organs represent only 16.6% of deceased donor allografts.[@ref8] Data from US scientific registries indicate that over a six year period, 5139 (41%) of 12 536 ECD kidneys were not transplanted.

ECD therapy has demonstrated benefits over dialysis in terms of patient survival[@ref13] but has diminished long term allograft survival.[@ref5] [@ref25] Therefore, the improvement of ECD outcomes and specific allocation is critical for the transplant community and allocation agencies as well as for general practitioners dealing with population ageing and the burden of chronic renal disease.

Currently, an important gap exists regarding the independent determinants of ECD outcome and methods for improving ECD allograft survival in the context of allograft assessments, which include contemporary tools for evaluating circulating anti-HLA antibodies. Although circulating DSA are known to impair allograft outcomes, their specific effect, the amplitude of their effect, and their independency from other relevant predictors have not been specifically analysed in the recipients of ECD transplants.[@ref18] [@ref26] [@ref27] [@ref28] [@ref29] The structure of the existing registries---the United Network of Organ Sharing in the USA,[@ref30] Eurotransplant,[@ref31] [@ref32] the Organ Procurement Agency in Spain,[@ref33] and the French National Agency for Organ Procurement [@ref17]---does not specifically integrate the whole spectrum of important determinants that might affect ECD prognosis.

In the present study, we used a prospective, extensively phenotyped cohort with a detailed and integrative strategy of allograft parameter analysis, and demonstrated that ECD kidney recipients with circulating DSA show a dramatic acceleration in antibody mediated injury and a poor outcome. Another important independent and strong contributor of ECD survival was longer cold ischaemia time (\>12 h), which was associated with a 2.6-fold decrease in seven year allograft survival. Increased cold ischaemia time predisposes to delayed graft function, but its independent role in long term allograft outcome is still debated.[@ref34] [@ref35] Our data suggest that ECD kidneys might be vulnerable to the detrimental effects of cold ischaemia time on allograft survival.

Finally, we demonstrated that preimplantation biopsy assessments did not have independent and additional predictive ability for long term ECD allograft outcome when considering cold ischaemia time and immunological parameters (that is, circulating DSA). Given this result and the fact that preimplantation biopsies increase cold ischaemia time, the current practice of discarding ECD kidneys based on preimplantation biopsy results might not be the best approach for decision making in the context of ECD transplants, as recently suggested in small preliminary studies.[@ref9] [@ref36]

Our results support the implementation of active ECD specific allocation policies for avoiding DSA, decreasing cold ischaemia time, and performing adequate recipient matching. In the present study, exclusive allocation of ECD kidneys to patients without circulating DSA would have translated to a 544.6 allograft life years saved during the nine years of study inclusion time.

### What is already known on this topic

1.  Organ transplants from expanded criteria donors (donors aged ≥60 years, or aged 50-59 years with vascular comorbidities) are increasingly becoming a main resource for treating end stage renal disease

2.  Use of ECD kidney transplants has evolved unequally worldwide, and a high proportion of these kidneys are discarded

3.  Organ shortages urgently need the optimisation and increased efficacy of ECD transplantation

### What this study adds

1.  In this large scale prospective study, the main independent determinants of improved ECD outcome were the absence of donor specific anti-human leucocyte antigen antibodies in transplant recipients, and reduction of cold ischaemia time

2.  After correcting these two factors, ECD transplantation can yield satisfactory long term results, and achieve a graft survival comparable to that of transplants from standard criteria donor

3.  Dedicated ECD specific allocation policies are mandatory to extend the life span of aged organs
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